Introduction
The vibration spectra of hydrogen-bonded molecules have been a subject of numerous experimental and theoretical papers. 1 For example, carboxylic acids, such as o-phthalic acid, 2,3 benzoic acid, [3] [4] [5] salicylic acid 3, 6 and their derivatives, 7 have been well studied by using mid-infrared and Raman spectroscopy combined with theoretical calculations. Over recent years terahertz time-domain spectroscopy (THz-TDS) has been demonstrated to be a powerful analytical tool to study low frequency vibrational modes and weak molecular interactions such as hydrogen bonds in the 0.1 -3.0 THz (3 -100 cm -1 ) region, corresponding to the lower end of the far-infrared (FIR) region. 8, 9 Coherent detection by switching a photoconductive antenna with femtosecond pulses gives THz-TDS a higher signal-to-noise ratio than FIR spectroscopy, which employs blackbody radiation and thermal detectors.
Intra-and intermolecular hydrogen bonds are important in that they stabilize the structures of many biological molecules. The THz-TD absorption spectra of DNA 10 and amino acids [11] [12] [13] [14] have revealed that specific resonance patterns can be identified as the vibrational modes of intermolecular hydrogen bond networks. Recently, we found that incorporating target molecules in nanosized spaces is effective in reducing the influence of the intermolecular modes of the target molecule. It has been possible to distinguish intramolecular modes from intermolecular modes by comparing the spectra of maleic and fumaric acids. 15 As regards the adsorbent for the THz-TDS study, we found that mesoporous silicate (SBA-16) can provide an excellent substrate for THz-TDS by comparing the THz spectra of several porous silicates with different pore structures. Moreover, mesoporous silicate is highly transparent to light in the near infrared (NIR) to ultraviolet (UV) region, which makes it possible to study the chemical and physical properties of molecules incorporated in the pores by infrared, 16 Raman, 17,18 fluorescence, 19, 20 and electronic absorption spectroscopy. 21, 22 Thus, one of the advantages of using mesoporous silicate is that the molecules incorporated in its pores can be analyzed with a wide variety of spectroscopic methods.
In addition, incorporating biological molecules in the pores of mesoporous silicates is useful for protecting fragile molecules such as proteins and enzymes from denaturalization or inactivation. 23 In this work, we studied the THz-TD spectra of aromatic carboxylic acids, namely o-phthalic acid, benzoic acid, and salicylic acid, which form either intra-or intermolecular hydrogen bond(s) in different ways, and compared the spectra of molecules incorporated in the nano-sized pores of SBA-16 and bulk crystal samples. We also report the differences in the temperature-dependent peak shifts caused by the different nature of the THz absorption.
Experimental
Chemicals and sample preparation SBA-16 was synthesized by using the method developed by Zhao et al. 24 except that the temperature was more precisely controlled.
Triblock copolymer EO70-PO100-EO70 (BASF Corporation, Pluronic P127; Mw = 12600) was dissolved in dilute aqueous HCl at 45˚C and the solution was stirred for 1 h. TEOS was added to the above solution at the same temperature and it was stirred it for 20 h. The mixture solution and the accompanying precipitated products were aged at 80˚C for another 24 h. The products were filtered, washed and air-dried at room temperature. Finally, the products were calcinated by slowly increasing the temperature from room temperature to 450˚C over 8 h, heating them at 450˚C for 6 h, and then reducing the temperature from 450 to 100˚C over 8 h. Terahertz time-domain spectroscopy (THz-TDS) is used to study the intra-and intermolecular vibrational modes of aromatic carboxylic acids, for example, o-phthalic acid, benzoic acid, and salicylic acid, which form either intra-or intermolecular hydrogen bond(s) in different ways. Incorporating the target molecules in nano-sized spaces in mesoporous silicate (SBA-16) is found to be effective for the separate detection of intramolecular hydrogen bonding modes and intermolecular modes. The results are supported by an analysis of the differences in the peak shifts, which depend on temperature, caused by the different nature of the THz absorption. Raman spectra revealed that incorporating the molecules in the nano-sized pores of SBA-16 slightly changes the molecular structures. In the future, THz-TDS using nanoporous materials will be used to analyze the intra-and intermolecular vibrational modes of molecules with larger hydrogen bonding networks such as proteins or DNA. benzoic acid, and salicylic acid, were purchased from Kanto Kagaku and were used without further purification. The organic acids incorporated in the nano-sized pores of SBA-16 were prepared as follows. Portions of about 50 mg of SBA-16 were soaked in a ∼1 mol/L (0.5 mL) methanol solution of o-phthalic acid, an acetone solution of benzoic acid, and an ethanol solution of salicylic acid. Then each sample was stirred vigorously, filtered, washed with its corresponding solvent, and dried well in air at room temperature. If the numbers of molecules that finally remained in the pores were 10% of those in the solution, the surface area occupied by a molecule is about 1 nm 2 , more than double the molecular area of aromatic carboxylic acids. The Brunauer-Emmett-Teller (BET) surface area of SBA-16 is about 750 -800 m 2 /g. A previous study on adsorption properties of aromatic molecules on a mesoporous silicate that is similar to SBA-16 showed that the capillary condensation of the mesoporous structure by the adsorbate molecules follows the occupation of the first monolayer. 25 Therefore, most molecules incorporated in the pores of SBA-16 may be adsorbed on the surface of the pores in isolation.
Reference pellets of the three acids were prepared by crushing the crystals into powder and mixing with polyethylene powder (Aldrich); 16.6 mg of o-phthalic acid, 12.2 mg of benzoic acid, and 13.8 mg of salicylic acid were mixed with 83.4, 87.8, and 86.2 mg of polyethylene powder, respectively, to make 1 mmol/g samples. The mechanically measured pellet thickness was 1.0 ± 0.2 mm.
Apparatus and procedure
The THz-TDS was performed by using a THz-TDS2004 (Aispec) combined with a 10 fs NIR pulse laser (Integral Pro, FEMTOLASERS). The optical set-ups and experimental conditions are described elsewhere. 13 Since heat induced frequency shifts and resonance broadening are generally observed for THz peaks, 10, 11, 14 we measured the THz-TD spectra at room temperature (298 K), 230, 170 and 90 K to observe the spectral properties in detail. The aromatic carboxylic acids incorporated in SBA-16 were packed in the cavity of a plastic cell. The optical path length and thickness of the plastic walls were both 1 mm in order to provide sufficient path length to eliminate from the spectra the effect of the multiple reflections that occur between the two surfaces of the sample disk (etalon artifacts). 26 The Raman spectra of the aromatic carboxylic acids incorporated in SBA-16 and the reference crystals were measured by using an NIR Raman microprobe system (JRS-SYSTEM1000LA, JEOL). The excitation light source was the 785-nm line of a laser-diode continuous-wave laser (NIR 780TF series laser, Renishaw). We focused the approximately 30 mW NIR laser light on the sample with an objective lens (×50, NA 0.55). We collected scattered light using the same objective lens that we employed to focus the laser beam on the sample at 180˚ with respect to the incident light. The exposure times for the Raman measurement were 120 and 10 s for the incorporated samples and crystal samples, respectively.
The spectral resolution was 4 cm -1 . We performed all the measurements at room temperature.
We obtained transmittance electron microscope (TEM) images of SBA-16 with a JEM-2100F (JEOL) operating at 200 keV. Figure 1 shows a TEM image of SBA-16. The image clearly shows cross-sections of the cubic symmetric structure of the mesopores of SBA-16. The average pore size of ∼6.0 nm, which was measured from the TEM image, corresponds well with the previously reported value. 24 The top panel of Fig. 2(a) compares the THz-TD spectra of ophthalic acid incorporated in the pores of SBA-16 (upper panel) and in the crystal sample (lower panel) in the 0.5 to 4.0 THz (16.5 to 132 cm -1 ) region. The temperature dependence of the spectral features is discussed later. The peak of the crystal sample at ∼2.0 THz (indicated with a dotted line) was also observed for the samples in SBA-16. The intensity of the peak is much weaker with the samples in SBA-16 than that of the crystal sample because the concentration of o-phthalic acid in the pores is lower than that of the crystal samples. According to our previous study, the intermolecular modes that were observed with the crystals are inactivated by the molecule separation that occurs with incorporation in SBA-16, whereas the intramolecular modes of the crystal and the incorporated samples are both active and similar. According to a previously reported computational study of the infrared spectra of isolated phthalic acid monomethyl ester, an infrared active band at 69 cm -1 is assigned as an out-of-plane torsion mode that modulates the H-bond considerably. 7 Since o-phthalic acid and phthalic acid monomethyl ester are both intramolecular hydrogenbonded molecular systems, o-phthalic acid may have a similar out-of-plane torsion mode at nearby frequencies. Therefore, we considered that the peak ∼2.0 THz (∼67 cm -1 ) was mainly due to the out-of-plane torsion mode. We have additional evidence supporting this assignment and it is discussed along with the temperature dependence of the peak positions later in this paper. Unfortunately, the baselines of the spectra for the sample in SBA-16 were not flat in the higher frequency region. This may be due to the inhomogeneity of the sample and thus it remains unclear whether or not the peak of the crystal around ∼3.5 THz (∼117 cm -1 ) exists for the sample in SBA-16. In fact, another vibrational analysis of o-phthalic acid has been published; observed a very strong absorption band at 80 cm -1 in the farinfrared absorption spectra, which they assigned as the twisting of carboxylic groups whose frequency is 59 cm -1 in their calculation. However, they reported neither the peak at ∼2.0 THz (∼67 cm -1 ) nor that at ∼3.5 THz (∼117 cm -1 ) that we observed in this work.
Results and Discussion
The THz-TD spectra of benzoic acid in SBA-16 and the crystal sample are significantly different (Fig. 2(b) ). Characteristic peaks were clearly observed with the crystal samples at ∼2.1 THz (∼70 cm -1 ); however, such peaks were not detectable with the samples in SBA-16 even at low temperature. According to a previous report on the theoretical modeling of infrared spectra of benzoic acid dimer, the infrared active band at 63 cm -1 is assigned as the cogwheel mode, 5 that is, a vibration of the cyclic hydrogen-bonded frame consists of two molecules interfaced by a hydrogen-bond interaction. Thus, it is natural for this mode to be inactivated by the incorporation of the molecules into the nano-sized pores of SBA-16 due to the separation of the dimer.
The THz-TD spectra of salicylic acid are shown in Fig. 2(c) . The spectral features of the samples in SBA-16 and the crystal are significantly different. The characteristic peaks were clearly observed with the crystal samples at ∼2.2 THz (∼74 cm -1 ) and at ∼2.5 THz (∼83 cm -1 ); however, such peaks were not observed clearly with the samples in SBA-16 even at low temperature. A previous study on the theoretical modeling of infrared spectra of salicylic acid dimer reports that the infrared active band at 76 cm -1 which was observed in the experimental spectra of polycrystalline salicylic acid is assigned as the cogwheel mode. 6 Therefore, either of the two peaks at ∼2.2 THz (∼74 cm -1 ) or at ∼2.5 THz (∼83 cm -1 ), or both of them can be assigned as the cogwheel mode. If so, it is natural for this mode to be inactivated by the incorporation of the molecules into the nanosized pores of SBA-16 due to the separation of the molecules. The theoretical calculation shows that another infrared active band at 365 cm -1 is assigned as the intramolecular vibration mode of the O·O bond formed by the carboxylic and the phenyl groups; 6 however, the frequency is much higher than the upper limit frequency of the THz-TD spectra in this work.
Next, we studied the change in the peak position with changes in temperature. We found that the observed THz absorption band resolves into narrower peaks as the temperature is decreased and some of these shift towards higher frequencies. 14, 27 Since the behavior of each band is different because of the different nature of the THz absorption, inter-and intramolecular modes can be roughly distinguished by analyzing the temperature-induced shifts of the peaks. For example, the average hydrogen bond strength may decrease with increasing temperature and cause a redshift of the hydrogen bond stretching frequency in the THz region 27 whereas the shifts in the frequency of the intramolecular modes including torsion and a deformation skeleton are rather small with changing temperature.
14 Figure 3 shows the temperature dependences of the absorption peaks of o-phthalic acid, benzoic acid, and salicylic acid. All of the absorption peaks blueshifted as the temperature decreased; however, the degree of the shift was different for each peak. The shift in the peaks of o-phthalic acid at ∼2.0 THz (∼67 cm -1 ) was much smaller than that of benzoic acid/salicylic acid. The result indicates that the nature of the o-phthalic acid peak is most likely to originate from the intramolecular mode. This corresponds to the results discussed in the above paragraph. The peak position and the degree of the shift of o-phthalic acid were almost the same for the samples in SBA-16 and in the crystal, showing that the hydrogen bond 805 ANALYTICAL SCIENCES JULY 2007, VOL. 23 Lastly, to investigate the molecular structures of the samples in SBA-16 in detail, we also measured the micro-Raman spectra of o-phthalic acid, benzoic acid, and salicylic acid molecules incorporated in the pores of SBA-16 and crystals as reference bulk samples (Fig. 4) . The Raman bands of the three acids in SBA-16 were clearly observed as well as those of the crystal samples. The frequency values of the observed bands of ophthalic acid, 2 benzoic acid, 5 and salicylic acid 6 corresponded well with the theoretical calculations.
Therefore, the disappearance of the THz peaks of benzoic acid, and salicylic acid in SBA-16 is not likely to be due to the low concentration of the incorporated molecules. The spectra of the samples in SBA-16 were similar to those of the crystals, although a slight broadening and shifting of some bands were observed with the SBA-16 spectra. The results indicate that incorporating the molecules in the nano-sized pores of SBA-16 slightly changes the molecular structures, and that the molecules incorporated in SBA-16 interact with silanol groups (Si-OH) on the SBA-16 surface. 18 It is noteworthy that the 420 cm -1 band of the crystal benzoic acid (shown with a dotted line) which is assigned as a stretching mode of an intermolecular O ·O bond interfaced by a hydrogen-bond interaction, 5 was not detected in the SBA-16 spectra. This also supports our idea that incorporating the molecules in nano-sized spaces in SBA-16 is effective in reducing the effect of the intermolecular hydrogen bonds.
Conclusions
We used THz-TDS to analyze the intra-and intermolecular hydrogen bonding modes of aromatic carboxylic acid molecules incorporated in SBA-16 and found that the incorporation of target molecules in nano-sized spaces in SBA-16 is effective as regards the separate detection of intramolecular hydrogen bonding modes and intermolecular modes. The results were supported by an analysis of the temperature dependence of the THz peak position. Raman spectra revealed that incorporating the molecules in the nano-sized pores of SBA-16 slightly changes the molecular structures. We believe that in the future THz-TDS using nanoporous materials will be employed to analyze the intra-and intermolecular vibrational modes of molecules that have larger hydrogen bonding networks such as proteins or DNA.
